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Abstract In the presented work, the compressive behavior of circular cylinders, having certain size ratios
and containing a notchwith various configurations,was investigated through experimental and numerical
studies. Nonlinear finite element analysis, using ABAQUS software,was conducted to evaluate the ultimate
strength of the cylinders. The results were compared to those observed experimentally. The comparison
of the numerical and experimental results showed that the nonlinear analysis results were more accurate
than those established based on a linear analysis. The study also focuses on the deformed shape and stress
distribution of the critical region in a notched cylinder for further consideration, e.g. repairing purposes.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Metallic thin walled cylindrical members, due to their spe-
cific structural and geometrical characteristics, are commonly
utilized as load carrying components in various fields of en-
gineering. A prominent characteristic of thin walled elements
is the variation of their load carrying behavior under com-
pression load, because of various buckling modes when their
dimensional ratios change. Their buckling behavior can change
from elastic to plastic collapse when their thickness or diame-
ter varies. For this reason, research in past literatures divides
cylindrical members to different groups, regarding the varia-
tion of their length to diameter ratio (L/D) or diameter to thick-
ness ratio (D/T ), within which, for each group, the buckling
behavior can be completely different. Thin-walled members,
typically, can be exposed to various damages and defects or
corrosion in an aggressive environment. The research shows
that the material and geometrical nonlinearities are impor-
tant in the numerical modeling of the cylindrical elements.
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tensifies. In the literature, the crack phenomenon in structural
members under compression or tension loading has been in-
vestigated, both for plates and shells. In the case of notched
plates, Paik et al. [1] experimentally and numerically investi-
gated the compressive performance of plates, and indicated the
influence of crack presence on the ultimate strength of plates.
Also, they proposed an empirical formula to predict the ulti-
mate strength of the notched plates under tension and com-
pression loading. Brighenti [2,3] numerically investigated the
effects of various configurations of cracks, such as length, ori-
entation and location, on the buckling load of rectangular plates
under compression and tension loads. El Naschie [4] developed
an analytical formulation to obtain the buckling load of cracked
cylindrical shells. In the following, he obtained approximate re-
sults for the local buckling and post buckling behavior of these
members under compression loading. Estekanchi and Vafai [5]
investigated the influence of through cracks on the buckling
load of cylindrical shells under axial loading. Considering lin-
ear behavior for cylinders, their results are presented in two
groups, on the basis of the assumption about the performance
of crack edges; a group based on constrained crack edges and
the other regarding free crack edges, without any reciprocal
contact. They showed that a careful mesh refinement at crack
tips gives reliable results in the finite element study. In this
direction, they refined the mesh in the crack tip region and
showed variations of Crack Opening Displacement (COD) along
the crack in some diagrams. Javidruzi et al. [6] studied vibration
frequencies, buckling load and the dynamic stability of cracked
evier B.V. Open access under CC BY-NC-ND license.
356 M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365Figure 1: Stress–strain curve of the used stainless steel alloy.
cylindrical shells under tension and compression loading, in
presence of circumferential and longitudinal cracks. Vaziri and
Estekanchi [7], using the FE approach, examined the elastic
buckling load of cracked cylinders under the combined action
of internal pressure and axial compression. They conducted a
parametric study, using linear Eigenvalue analyses, on cracked
cylindrical shells, in order to estimate the effect of crack type,
size and orientation on the buckling load. In a more accurate
work, Starnes and Rose [8,9] studied the buckling of thin cylin-
drical shells containing longitudinal cracks subjected to axialloading, considering nonlinear properties. They indicated that
nonlinear interaction between in plane stress resultants and out
of plane displacements near the crack region is a significantly
effective parameter in determination of the buckling behavior
of shells.
On the other hand, in similar studies, the effect of an opening
on thin walls of cylinders has been observed, as found in
the work by Jullien and Limam [10], who investigated the
influence of various shapes, sizes and positions of an opening
on the compressive load carrying capacity of cylinders. In
another work, Han et al. [11] using experimental observations
and numerical simulations, considering the nonlinear behavior
of the material, investigated the effect of an opening on
aluminum cylinders with various L/D ratios. This effect, based
on experimental results, has been reported as a deteriorating
factor in load bearing capacity, but in some cases, in this
paper, the numerical models indicate reverse conclusions. The
main point in the exploration of the crack effect is the contact
between crack edges and its influence on the load bearing
capacity of structures. Frequently, in investigations of the
opening influence, this factor is usually neglected because of the
far distance between opposite opening edges.
The concern of the present work is investigation of the
nonlinear load bearing behavior of moderately thick cylinders
with large L/D ratios in the presence of notches. This research
follows two main subjects; firstly, by considering the work
hardening region in the stress–strain curve of the material, the
post yield behavior of the origin specimens was researched
and, following, the influence of the notch presence on the
plastic load bearing was examined. Secondly, the induced
imperfections, by notch, in the structure were investigated, andFigure 2: Test set up.
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using nonlinear geometric parameters, the performance of the
contact between notch edges was determined to achieve the
accurate ultimate strength of notched specimens. The obtained
results in this paper show that the linear elastic based analysis
cannot provide accurate evaluation for determination of the
ultimate strength, since the cylinder may yield completely in
the section prior to buckling. Also, the post yield behavior can be
more sensitive to such phenomenon. In the output of the paper,
variations of the buckling mode shapes for origin and notched
cylinders can be seen.
2. Experiments
In the experimental program, the provided cylinders, from
high strength stainless steel alloy, were divided into three
groups: intact cylinders (as control specimens) and two
types of notched cylinder with a circumferential notch and
a longitudinal notch. The cylinders were characterized by a
thickness of 1 mm and a diameter of 60 mm (D/T ratio equal
to 60). Two lengths were used for tests: L = 300 mm and L =
600 mm, with L/D ratios equal to 5 and 10, respectively. Three
specimens for each type were used to assure the reliability
of the results. To draw the stress strain curve of the tested
material, three tensile tests, according to BS18, [12] were
conducted on the provided steel coupons taken from the
cylinders. The mean values of those three tests are shown in
Figure 1. Also, in this figure, the multi-linear curve of the steel
cylinder, which was adopted in the FE models, was plotted.
The SCENCKmachine was utilized for the loading of specimens,
which was capable of applying various loading speeds in
displacement controlled regimes (see Figure 2). In order to
have a quasi static condition for the analysis of structures, the
adopted speed for buckling tests was selected equal to V =
0.05 mm/s. For supporting the specimens, they were located
between two thick plates, and the applied load was entered
into the cylinders through the top plate, while the bottom plate
was fixed. Thus, the shortening of cylinders was measuring,
according to the movement between two rigid plates.
A notch can be formed on the cylinders using the SPARK
technique, having high accuracy and negligible imperfections.This step was very crucial in the performance of the structure,
because any extra occurred imperfection at the notch region
could be followed by premature instability of the cylinder. In
the SPARK technique, a copper plate (herein, with 0.8 mm
thickness) was utilized to create the notches at the mid
height of the cylinders (see Figure 3). This method has been
approved and utilized previously for studying notch influence
on the stability of structural components [1]. With these
considerations, the effects of circumferential and longitudinal
notches were experimentally investigated on the cylinders, and
the results were compared to the behavior of intact ones.
3. Finite element modelling
The commercial FE program, ABAQUS [13], was adopted for
numerical study. In order to model the cylinders according
to experiments, nonlinear behavior in material and geometry
was considered. The cylinders were located between two rigid
plates, according to the experiments, and the applied load was
opposite the top rigid plate. Loading was done by considering a
low velocity on the top rigid plate, which appears as the closest
simulation of conditions in the experiments. In this description,
the top rigid platemoveswith a constant speed toward the fixed
bottom plate and the reaction force from the cylinder is read as
the axial load bearing capacity of the cylinder. This procedure
for the modeling of cylinders requires the selection of dynamic
analysis instead of static analysis. Of course, the results of static
and dynamic analyses were in agreement, because of the low
velocity of loading. In order to consider geometric nonlinearity
in the models, the linear buckling analysis was conducted, at
first, on the cylinders to get the eigenvalues and, also, various
buckling mode shapes. Then, the combination of mode shapes
with a small factor was embedded in the initial geometry of the
models. This approach is required in order to conduct buckling
deformations of the structure, whereas, without definition of
this small initial imperfection in the models, the behavior
cannot be compatible with considered deformations in the
experiments. The maximum amplitude of these imperfections
was considered about 1µm. It is interesting to note that a small
variation (increase or decrease) in this amplitude had a major
effect on the load bearing capacity of the notched cylinders,
which proves the importance of geometrical imperfections for
investigation of the behavior of studied cylinders. The assumed
boundary conditions on both top and bottom rigid plates were
imposed by constraining three rotational and two translational
movements (another unconstrained DOF was in the loading
direction), (see Figure 4). The contact between rigid plates
and two ends of the cylinder was defined in normal and
tangential directions. The normal contact was defined as the
‘‘hard contact’’, without the possibility of the edges moving,
based on experimental observations, and the tangential contact
was introduced with major friction to prevent sliding between
the rigid plates and the cylinder. However, a small displacement
358 M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365Figure 5: Non dimensional axial load versus end shortening and buckling deformation in experiments and in nonlinear FEMmodels for L/D = 5 unflawed cylinder.of edges was possible. Both cylinders and rigid plates were
modeled using ‘‘shell’’ elements and, for this purpose, a
quadrilateral ‘‘S4R’’ element, with 4 nodes and 6 D.O.Fs (three
translational and three rotational per node), was selected from
the element library of the ‘‘ABAQUS.CAE’’ program. A mesh
convergence study was carried out to choose the appropriate
mesh size. Therefore, it was decided to select a fine mesh size,with dimensions of 3mm∗3mmmesh, to ensure production of
reliable results for the load bearing behavior and deformations
of the cylinders, in both states of ‘‘intact’’ and ‘‘notched’’. This
size of element was employed for the mesh of the whole
structure. With these considerations, 3200 elements were used
for the rigid plates and 9120 elements for the cylinders with
L/D = 5.
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L/D = 5.
4. Discussion of results
4.1. Behavior of intact cylinders
– Cylinder with aspect ratio L/D = 5
In order to identify the influence of notches on the cylinders,
at first, their unflawed state was tested. The observed bucking
mode shape in the experiments for this type of cylinder is
usually addressed as ‘‘elephant’s foot’’ buckling mode, due
to the outward increase of section diameter at one end.
By increasing the applied load, the cylinders entered plastic
deformation, and the applied load end shortening for this
case is depicted in a non-dimensional manner, where the
vertical axis represents the ratio of applied load to the yield
load of the cylinder, and the horizontal axis gives the ratio
of end shortening over cylinder length (see Figure 5). The
curve is distinctly made of two parts, linear and nonlinear,
where the primary portion reflects elastic behavior, while
the second line with a smaller slope is related to the work
hardening performance of the material, which increases the
load bearing capacity up to the observed ultimate strength
of the cylinder. At the end point of the load deflection path,
the stress concentration at one end of the cylinder occurred,
representing the collapsemode of failure. This point is the onset
of strength reduction in the load bearing curve. In order to give aFigure 7: Non dimensional axial load versus end shortening and buckling
deformation in experiments and in nonlinear FEM models for L/D = 10
unflawed cylinder.
Figure 8: 1st, 2nd and 3rd buckling mode shapes for the cylinder with L/D=10.
360 M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365Figure 9: Non dimensional axial load versus end shortening and buckling deformation in experiments and nonlinear FEM models for L/D = 5 circumferentially
notched cylinder.theoretical justification, we can consider the stress strain curve
of the material. For the yield stress (equal to σy = 448 MPa),
the yield load of the cylinder is estimated as Py = 84.44 kN, the
value of which occurred in the experiments at the breakpoint
between elastic and plastic domains. The ultimate strength of
the cylinder at the end of this region became 95.83 kN, with
almost 13.5% increase, with respect to the yield load.The first, second, third and ninth buckling mode shapes of
the cylinder, obtained by linear analysis, are shown in Figure 6.
The embedded imperfections in the geometry of the cylinders
corresponded to the first threemode shapes, in order to conduct
deformations for nonlinear studies.
To maintain the consistency of applying axial load on the
cylinder during the test, the velocity of the loading was kept
M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365 361Figure 10: 1st, 2nd and 3rd buckling mode shapes for the circumferentially notched cylinder with L/D = 5.constant up to the collapse load level. In numerical finite el-
ement analysis, two different edge constraints were imple-
mented: clamped and simply supported boundary conditions.
The numerical results for these two cases were plotted in Fig-
ure 5. It is seen that up to the yield load stage, the edge con-
dition does not considerably affect the load deformation curve,
while, in the post yield portion, where the support conditions
play a dominant role in associating the membrane stiffness of
the cylinder at both ends, different performances are observed
for the load–deformation curves. Further observations of phys-
ical models indicated the appearance of ‘‘diamond’’ shapes in
the buckled end when the ‘‘elephant’s foot’’ buckling shape de-
formed to triangular mode at the bottom of the cylinder near
the support. Thismodewas also observed in numerical analysis.
The numerical results show good agreement with experiments,
due to the appropriate selection of imperfections embedded in
the geometry of the model up to the ultimate load, where ma-
jor deformations were induced by it (see Figure 5). In the fig-
ure, three letters are reported on the curves corresponding to
the physical observations in experimental work (B), and Von-
Mises stress distributions resulted by numerical finite element
modeling (A, C). The implemented boundary conditions in the
experiments complied with the clamped support in numerical
analysis. Therefore, edge conditions in the finite element mod-
els were assumed clamped in the coming sections. The com-
pressive behavior of moderately thick cylinders in a similar test
set has been reported in [14].– Cylinder with aspect ratio L/D = 10
The buckling mode shape of this cylinder is known as
‘‘bending collapse’’ [15], which appears in cylinders with
relatively large L/D ratios. The description of the buckling shape
can be explained as a division of the length of the cylinder into
smaller lengths, having plastic hinges between the subdivided
lengths. Similar to the previous specimen, in this case, the
collapse occurred in the post yield section, as well as in a
partly different manner (see Figure 7). The first three buckling
mode shapes obtained by linear buckling analysis were also
shown in Figure 8. The interesting point in this figure is the
correspondence of the first buckling mode shape with the real
collapse shape observed in the experiments. The yield load of
this cylinder was equal to Py = 84.44 kN. The ultimate strength
at the end of the post yield region reached Pu = 89.17 kN, with
only 5.6% increase, with respect to the yield load.
4.2. Circumferentially notched cylinders
– Cylinder with aspect ratio L/D = 5
In this section, the stability of the notched cylinder was
studied by considering an embedded notch in a circumferential
direction, having length equal to 0.4 times the cylinder
perimeter. Figure 9 shows the axial load versus end shortening
for this specimen, and compares the results with the ultimate
load of the intact cylinder, as well.
362 M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365Figure 11: Non dimensional axial load versus end shortening and buckling deformation in experiments and in nonlinear FEMmodels for L/D = 10 circumferentially
notched cylinder.According to the experimental observations, the contact be-
tween notch edges certainly occurs, which leads to enhance-
ment of ultimate strength. Therefore, the contact between
notch edges was defined in normal and tangential directions,
from which ‘‘hard contact’’ was selected as a normal direction.
Figure 9 displays different curves related to the FE model with-
out contact between notch edges and several models with con-
tacted notch edges, assuming different friction coefficients (µ)
between the edges in a tangential direction. The experimental
curve was also depicted for supporting the correct assumptions
in numerical analysis. The maximum load obtained by experi-
ment for this specimenwas equal to 88.55 kN, i.e. 7.6% less than
in the intact case. It must be noted that the absorbed energy of
the structure was reduced by 16.5%. The contact of notch edges
could increase the maximum strength of the notched cylinder
up to 40% in comparison with the model with non-contacted
notch edges. The stress concentration and out of plane defor-
mations are observed at the notch tips.With these descriptions,
in a normal direction, ‘‘hard contact’’ could provide conditions
in agreement with experiments, and, in a tangential direction,
considering different friction coefficients between notch edges,the value of µ = 0.3 was found to produce the closest results
to those obtained in experiments. In FE models with friction
coefficients less than µ = 0.3 between notch edges, prema-
ture sliding between the notch edges has occurred. However,
for µ > 0.3, no sliding was observed, and the notch behaved
with tied nodes at opposite edges without independent trans-
lational DOFs. The distortional deformations and stress concen-
tration at the notched area are also shown in Figure 9, with the
crippling effect adjacent to the notch location. In Figure 9, the
inward deflection of the cylinder at the notch edges is due to
the compression load on edges, which originates from contact
of the edges. The numerical finite element results indicate satis-
factory shape appearance compared with experimental obser-
vations.
Another subject arising in the present work was the
necessity as to whether or not investigate the crack growth
phenomenon. As amatter of fact, in experimental observations,
there was absolutely no crack propagation at the notch tips,
for various specimens. Based on this fact, the FE modeling of
notched cylinders was carried out without the modeling of
crack propagation. On the other hand, as observed in Figure 9,
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notched cylinder.in the area around the notch tips, where the first plastic points
of the notched cylinder were formed, the stress type was
compressive (positive value in Figure 9) during the load bearing
process. The above considerations allow study of the subject
without crack growth modeling.
The first three buckling mode shapes of this model
are presented in Figure 10, obtained by linear buckling
analysis.
– Cylinder with aspect ratio L/D = 10
In this section, the stability behavior of longer cylinders,
having a circumferential notch, was investigated. The notch
length ‘‘a’’, for this model was also assumed as a/2πr = 0.4,
similar to the prior model. The variation of axial compression
versus end shortening for this model was plotted in Figure 11.
The load versus end shortening curve declines faster than
the previous case. The observed experimental deformations
and the FE nonlinear analysis provided almost similar results
compared with the prior shorter cylinder. The experimental
tests indicate that the ultimate strength of the cylinder in
this configuration is equal to Pu= 73.48 kN, with almost 17.6%
decrease, with respect to the ultimate strength of the intact
specimen.4.3. Longitudinally notched cylinders
– Cylinder with aspect ratio L/D = 5
In this part, the effect of a longitudinal notch on the stability
of the cylinder was studied. The notch length was considered
to be a = 0.25L (‘‘L’’ is the length of cylinder). The graph
of axial compression load versus end shortening is seen in
Figure 12, obtained by numerical FE analysis and experimental
measurements. Good correlation is observed between two
group results. The initial slope of the load bearing curve is
seen as being sharper here compared to the specimen with the
circumferential notch. The initial stiffness in the longitudinally
notched cylinder is observed as being relatively greater than
that of the circumferentially notched cylinder.
In the present specimen, regarding the direction of the notch
parallel to the applied load, no contact occurred between the
notch edges, and therefore, the load carrying of the cylinder
was basically different from previous models. In this case, since
the contact between crack edges in a longitudinal direction did
not occur, and instead, distortional deformation took place, this
resulted in the occurrence of local out of plane deformation
around the longitudinal notch area, which created an overall
364 M.Z. Kabir, A. Nazari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 355–365Figure 13: 1st, 2nd and 3rd buckling mode shapes for the longitudinally notched cylinder with L/D = 5.instability mode. The buckled shape of the cylinder at its final
stage is depicted in Figure 12. At this step, the longitudinal notch
was substantially opened and, so, the stress concentration
moved towards the area near the notch tips (see Figure 12). The
numerical finite element results have shown good correlation
with those corresponding experiments. The mode shapes of
structures obtained by linear buckling analysis are given in
Figure 13.
– Cylinder with aspect ratio L/D = 10
For longer cylinders, having the same notch size ratio
(a/L = 0.25), the axial load versus end shortening curve for
both numerical analysis and experimental testing was plotted
in Figure 14. The deformation was formed similar to the
previous shorter cylinder, as load increases. The only difference
was significant deformations in the vicinity of the notched
region and the appearance of outward overall deflection. The
buckling mode shapes for this case were exactly analogous to
those observed in the shorter cylinder, which, for the sake of
briefness, is not shown here.
5. Conclusions
The effect of notch on the ultimate strength of a thin
metal cylinder was studied thoroughly, both by experimentaland numerical investigation. Furthermore, the primary linear
buckling analysis was utilized to import the geometrical
imperfection for conducting nonlinear analysis in the FE
models. The experimental measurements were considered for
verifying the nonlinear numerical analysis, which showed a
satisfactory correlation between them.
This study has revealed the following concluding remarks:
For the circumferentially notched cylinders, the contact
between notch edges could help increase the load carrying
capacity of the cylinder under axial compression loading. In
this direction, the friction coefficient in the tangential direction
between the notch edges was found equal to 0.3. The contact
of edges could enhance the load bearing capacity of the
circumferentially notched cylinders up to 40%.
In the case of longitudinally notched cylinders, however, the
stress concentration around the notch area would destabilize
the cylinder by forming a local buckling mode, in terms
of outward deformation, and as a result, the cylinder will
more quickly reach collapse load at a considerably lower load
level.
For each considered FE model, the buckling mode shapes
were presented and compared with experimental deforma-
tions. The presented results can help in identifying weak areas
for further rehabilitation purposes.
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deformation in experiments and in nonlinear FEM models for L/D = 10
longitudinally notched cylinder.
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